Objectives-Cochlear pericytes are not well characterized. The aim of this study was to further advance the characterization of cochlear pericyte location and distribution, with particular focus on pericyte-related proteins on the capillaries of the cochlear lateral wall that are functionally integral to structure, contraction, and gap junction transport.
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α-SMA; tropomyosin; desmin; connexin 40; NG2; cochlear pericyte Lateral-wall blood flow in the cochlea is critical for maintaining endocochlear potential, ion transport, and endolymphatic fluid balance [29, 31, 46] . In the mature mammalian cochlea, the main terminal artery is the spiral modiolar artery, a secondary branch of the anterior inferior cerebellar artery [4, 5] . The vessels of the stria vascularis (V/SV) and the vessels of the spiral ligament (V/SL) are two major microvessel networks in the cochlea. It is known that the V/SV plays an important role in maintaining cochlear fluid homeostasis and oxygenation [28, 29, 31, 46] , while the role of the V/SL is less well understood.
Pericytes are pluripotent progenitor cells surrounding blood microvessels [13] . They play a role in the regulation of blood flow, vascular permeability, maintenance of microvessel wall integrity, and angiogenesis [14, [33] [34] [35] . Pericytes are distributed in a regional and tissuespecific manner. The number of pericytes in a given area reflects specific functional features of the microvessels and is tightly coupled to metabolic demands [22, 42] . Although the critical roles played by pericytes in the retina, brain, lung, and kidney have been studied, little is known about cochlear pericytes, including their basic characterization. Two early studies by Ando [1, 44] mentioned pericyte-like cells on the capillaries of the SV of gerbils and rats, but without further elaboration. In particular, the distribution and morphology of pericytes in cochlear vascular systems is unknown. We hypothesized that the morphology and distribution of pericytes, as well as of pericyte-related proteins, were different in the capillaries of the SL and SV, given the functional differences in these two microvessel systems. Therefore, the aim of this study was to quantify pericyte numbers, determine their distribution, and investigate pericyte-related protein expression in the cochlear microvasculature of the SV and the SL. This basic characterization of pericytes is essential if the functional differences of the two lateral-wall microvessel systems are to be understood.
MATERIALS AND METHODS

Animals
Albino guinea pigs from Charles Research Laboratory (Wilmington, MA) (both sexes, age four to five weeks, weight 300-450 g) were used in this study. All animals had a positive Preyer's reflex. The procedures used in this study were reviewed and approved by the Institutional Animal Use and Care Committee of Oregon Health & Science University.
Immunohistochemistry for Pericyte-Related Proteins
Immunohistochemical methods were used to detect pericyte-related marker proteins for the identification of pericytes in the cochlear lateral wall. The guinea pigs were divided into several groups, with five animals per antibody study. After euthanasia by an overdose of ketamine hydrochloride (100 mg/kg intramuscularly [i.m.]; Abbott Laboratories, Abbott Park, Illinois, USA) and xylazine hydrochloride (2 mg/kg i.m.; Phoenix Scientific, Inc., St. Joseph, Missouri, USA), the cardiovascular system was perfused with saline, followed by a fixative perfusion of 4% paraformaldehyde. Cochleae were removed and immersed in the same fixative solution for four hours. 
Immunofluorescence Measurements for α-SMA, Desmin, and Tropomysin
Protein expression was evaluated on the basis of the intensity of immunofluorescence. All images were taken on a segment (one per cochlea) of the second turn of the cochlear lateral wall within 200 µm of the segment cut ends. α-SMA expression was determined from the fluorescence intensity of 18 optical sections (six lateral-wall samples from three guinea pigs). Similarly, tropomysin expression was determined from 12 optical sections (four lateral-wall samples from two guinea pigs), and desmin expression from 40 optical sections (10 lateral wall samples from five guinea pigs). The fluorescence negative control consisted of 12 optical sections from the lateral wall of three guinea pigs. Fluorescence intensity of antibody labeling was measured in Adobe Photoshop ® (San Diego, CA). For each recorded image, positive-labeled vessels were selected with a Photoshop drawing tool, and a histogram and mean value were obtained for the fluorescence intensity of the selected area. A background fluorescence intensity was read from a small window located away from the fluorescence of the vessels (background intensity had a mean value of ~50), and this background value was subtracted from the fluorescence of the vessel. The negative control was analyzed in the same way (the net fluorescence value was ~86). The resultant negativecontrol fluorescence was subtracted from the labeled intensities. The expression score was qualitatively defined by category. We scored expression a "−" if fluorescence was less than 86. The intensity levels between 86 and 255 (maximum) were divided in thirds. We scored 86-142 as +, 142-198 as ++, and 199-255 as +++.
Immunohistochemistry for Pericyte Gap Junction Proteins Connexin 40, Connexin 43, and Connexin 37
We examined whether gap junction proteins connexin 40 (Cx40), connexin 43 (Cx43), and connexin 37 (Cx37) were expressed between pericytes and endothelial cells. Eleven albino guinea pigs were used in this study, nine for connexin labeling and two for negative controls. The isolated and fixed second turn of cochlear lateral-wall tissues were washed in 0.02 M of PBS, permeabilized in 0.5% Triton X-100 (Sigma), and immunoblocked in 10% goat serum and 1% BSA, as mentioned above. The specimens were incubated overnight in anti-Cx40 (rabbit polyclonal antibody, cat. no. Cx40-A; Alpha Diagnostic International, San Antonio, TX) at 20 µg/mL, anti-Cx43 (rabbit polyclonal antibody, cat. no. C6219; Sigma)and diluted at 1:400 with 1% BSA-PBS and anti-Cx37 (rabbit polyclonal antibody, cat. no. cx37A11-A) at 20 µg/mL. The specimens were washed in 1% BSA-PBS for 30 minutes and incubated in Alexa Fluor 488 anti-rabbit IgG (diluted 1:100 with 1% BSA-PBS). Alexa Fluor 568 phalloidin (diluted 1:50 with 1% BSA-PBS, Molecular Probes, Eugene, Oregon, USA) was added for one hour to visualize the lateral-wall cell structure. After washing in 0.02 M of PBS for 30 minutes, the tissues were mounted on slides and observed with the confocal laser microscope system. Negative controls were (1) tissueincubated with 1% BSA-PBS to replace the primary antibody; (2) tissue-incubated with anti-Cx40 blocking peptide (cat. no. Cx40-P; Alpha Diagnostic International, 4 µL of antibody, 200 µL of PBS, and 10 µL of blocking peptide) overnight.
Determination of Pericyte Morphology and Distribution
We have previously shown that pericytes have high intracellular fluorescence signals for nitric oxide (NO) [40] . In this study, DAF-2DA (10 µM), a NO indicator, was used to visualize pericytes and endothelial cells. To determine pericyte morphology, after the animals were sacrificed, the cochleae were rapidly removed and transferred to a petri dish filled with a physiological solution composed of (in mM): NaCl 125, KCl 3.5, glucose 5, HEPES 10, CaCl 2 1.3, and MgCl 2 1.5. NaH 2 PO 4 0.51 bubbled with 95% O 2 and 5% CO 2 .
The osmolarity of the solution was adjusted to 300 mOsm with NaCl, and the pH was adjusted to 7.4 with NaOH. The lateral wall of the cochlear second turn was dissected. The dye was added to the bath for 30 minutes and washed out with physiological solution.
Tissues were then fixed with 4% paraformaldehyde for four hours prior to immunolabeling for desmin.
For the measurement of the ratio of pericytes to endothelial cells (PC/EC), the lateral wall of the cochlear second turn was labeled with DAF-2DA, as described above. Both endothelial cells and pericytes had a NO signal and could be visualized via DAF-2DA fluorescence under confocal fluorescence microscopy ( Figure 1 , Panel A). Pericytes (Figure 1 , Panel A arrowheads) had high DAF-2DA fluorescence signals (compared with endothelial cells; Figure 1 , Panel A arrows), although the mechanism for this was not clear and could thus be defined by their topographical and morphological characteristics [11, 24, 37] and colabeling with NG2 and desmin (data not shown). Pericytes were also identified by differential interference contrast (DIC) microscopy (Nikon Eclipse E 600). The numbers of endothelial cells and pericytes in both the SV and the SL were counted by tracing the contour of each DAF-2DA-labeled endothelial cell ( Figure 1 , Panel B green dotted lines) along the whole length of the capillaries and counting the soma of the pericytes (Figure 1 , Panel B red dotted lines). Each individual endothelial cell and pericyte was counted by frequently adjusting the optical focus on different (targeted) cells along each individual vessel with moving specimen from one end to another end. We also further confirmed the numbers of pericytes and endothelial cells by counting the numbers of nuclei of pericytes and endothelial cells labeled by propidium iodide (PI, a fluorescent dye for nuclei, concentration at 1:50; Molecular Probes). The results are shown in Figure 1 , Panels C and D. Endothelial cells have elongated oval-or spindle-shaped nuclei parallel to the vessel and pericytes have "bump" shaped nuclei beside the vessel walls. If two adjacent endothelial boundaries were not distinguished (fluorescence signals in the endothelial cells are not obviously lined up the shape of endothelial cells, and PI nuclei stain was uncertain), we excluded the cells from the analysis. The total number of endothelial cells and pericytes was estimated for the capillaries of the SV and the SL. For the different lateral-wall capillary areas, the sum total of pericytes was divided by the sum total of the endothelial cells to obtain the PC/EC ratio.
A pericyte soma length, as well as interpericyte distance, was measured by using a calibrated eyepiece reticule ( Figure 2 ). DAF-2DA-labeled cochlear lateral-wall specimens were examined with fluorescence microscopy with a 40X objective. A calibrated eyepiece reticule aligned with capillary or pericyte soma allowed the measurements ( Figure 2 ). When capillaries had significant curvature, the interpericyte distance was estimated by segmenting the curve at 10-µm intervals along the vessel center line. An average of 50 pericyte lengths was determined for each type of vessel. Distances between two pericytes were determined for each precapillary, capillary, and postcapillary region. The mean of pericyte-to-pericyte distance on the true capillaries of the SL and the capillaries of the SV (see Figure 3 , Panel B to define these capillary areas) was averaged from the randomly selected 33 vessels.
Transmission Electron Microscopy (TEM)
Dissected tissues of the second turn of the cochlear lateral wall were fixed overnight with phosphate-buffered 3% glutaraldehyde-1.5% paraformaldehyde and postfixed in 1% osmium. Tissues were dehydrated, embedded in Araldite plastic, sectioned, stained with lead citrate and uranyl acetate, and viewed in a Phillips CM100 (Fei Company, Hillsboro, OR) transmission electron microscope.
RESULTS
Cochlear Pericyte Identification
The two major systems of cochlear lateral-wall blood flow form a double layer and consist of the vessels of V/SV and the V/SL, as shown in Figure 3 (Panels A and B). The cartoon in Figure 3B illustrates Axelsson's definition of the capillary areas of the lateral wall [4] . The black vessels in the illustration within the spiral ligament were divided into three parts: precapillaries, postcapillaries, and "true" capillaries. Precapillaries and postcapillaries are defined by the absence of continuous arteriolar and venular smooth muscle. The true capillary area consists of the relatively straight vessels in the middle portion of the spiral ligament. Capillaries branch from the spiral ligament at the level precapillaries to form the true capillaries of the SV. These are highly branched and are shown in gray ( Figure 3 , Panel B). Pericytes were identified by multiple methods, since there are no truly specific markers for pericytes [3, 32, 36] . We used DIC microscopy, TEM, and immunofluorescence labeling of pericyte marker proteins, including NG2, desmin, Thy1, and α-SMA, combined with confocal fluorescence microscopy. Under DIC microscopy, pericytes can be morphologically recognized by their position on the outer walls of capillaries and by their characteristic "bump on a log" shape [24, 37] , as shown in Panels C and D of 
Different Types of Pericytes in the Cochlear Lateral-Wall Microvasculature
Pericytes have higher intracellular fluorescence signals for NO than do endothelial cells of the cochlear capillary systems [40] . Using this NO indicator, combined with an antidesmin antibody, we could discern the characteristic morphology of pericytes and easily distinguish them from the endothelial cells of the capillaries, as shown in Figure 4 .
We found that the shapes of pericytes differed greatly, depending on location. The majority of pericytes on true capillaries had a polygonal cell body and long, slender processes ( Figure  4 , Panels A-C), whereas most pericytes in the precapillary areas had prominent soma and band-like processes completely encircling the vessel, as shown in Figure 4 (Panels D-F).
Most pericytes in the postcapillary venule areas had flattened cell bodies and circumferential bandlike processes completely encircling the vessel, as shown in Figure 4 (Panels G-I). The pericytes on the branch points had spindle-cell bodies and long processes distributed over two branches, as shown in Figure 4 (Panels J-L). Panels M-P in Figure 4 are further examples of pericytes at different microvessels of the cochlear lateral wall with a lower magnification. The pericytes' long processes wrapped around capillaries were in close contact with endothelial cells.
Cochlear Pericyte Size and Distribution
Pericyte distribution and function are regional-and tissue-specific [16, 39] . Morphology and numbers are thought to reflect specific functional features of microvessels where blood flow is tightly coupled to metabolic demand [42] . In order to determine how cochlear pericytes compare with the pericytes in other vascular systems, we characterized cochlear pericyte distribution mean size, as well as mean distance between neighboring pericytes in the V/SL and V/SV. We found that the mean length of pericyte somas ranged from 9 to 11.6 µm on the different microvessel types and did not differ significantly by one-way analysis of variance (ANOVA; P > 0.05), but that the morphology of pericytes covered on endothelial cells varied considerably with microvessel type and location, as shown in Figure 4 . The soma-to-soma distance between neighboring pericytes is given in Table 1 . Pericyte soma to pericyte soma on pre-and postcapillaries ranged from 2 to 21 µm, where the distance between two neighboring pericytes on the capillaries of the SV ranged between 50 and 100 µm and on the true capillaries of the spiral ligament ranged between 50 and 87.5 µm. The distance between pericyte somas is clearly greater on the true capillaries of the SL, and the capillaries of the SV show comparable measurements in the pre-and postcapillary regions. For the true capillary of the SL, the mean distance (41 ± 23.0 µm) was not significantly different from that of the capillaries of the SV (50 ± 18.5 µm) ( Table 1 ). The ratio of pericytes to endothelial cells on the capillaries of the V/SL was 0.76 ± 0.09 (n pc = 350, n ec = 470; PC, pericyte; EC, endothelial cell); for the spiral ligament, the ratio was 0.644 ± 0.08 (n pc = 99, n ec = 155). Density of pericytes on the two capillary systems was not statistically different (P > 0.05). In consideration of a potential contamination from smooth muscle, we did not statistically test the ratio of PC/EC in the pre-and postcapillary, although pre-and postcapillary in the SL are absent smooth muscle cells [4] .
Distribution of Cx40 in Cochlear Pericytes
Pericytes communicate with endothelial cells via gap junctions [12] . Gap junctions are constituted by the connexin family of proteins. Gap junction proteins in pericytes have not been widely studied. It has been reported, for example, that rat retinal pericytes express Cx43 and Cx37 of the rat [26, 47] . Since different types of connexins are thought to be important for the coordination and propagation of vascular responses [21] , we investigated gap junction proteins between pericytes and endothelial cells in the cochlear vasculature.
With immunofluorescence techniques, we examined Cx40, Cx43, and Cx37 in the cochlear vasculature. We found that Cx40 was predominantly expressed in the pericytes and endothelial cells of the V/SL, as shown in Figure 5 . In particular, Cx40 immunoreactivity was strong in pericytes on precapillaries ( Figure 5 , Panels A-C) and relatively weak in the true capillaries of the spiral ligament ( Figure 5 , Panels D-F). There was no detectable Cx40 immunoreactivity in the pericytes of the capillaries of the SV (Figure 5 , Panels G-I). Cx40 immunoactivity was also strong in pericytes on postcapillaries ( Figure 5 , Panels J-O). Cx37 was very weakly expressed in pericytes on pre-and postcap-illaries (data not shown). No detectable immunoreactivity of Cx37 occurred in the true capillaries of the SL or capillaries of the SV (data not shown). Cx43 was not detected with our protocol. Results of control experiments without a primary antibody or with the Cx40 blocking peptide are shown in Figure 5 (Panels P-R and S-U, respectively). Alexa Fluor 568 phalloidin was used to visualize cochlear vessels and surrounding cells. Filled red circles in the drawings ( Figure 5 , Panels V-BB) show the locations of imaged vessels in the corresponding rows.
Contractile and Structural Proteins of Pericytes on the Cochlear Lateral-Wall Microvessels
Pericytes are morphologically, biochemically, and physiologically heterogeneous and contractility is not a ubiquitous property of pericytes [42] . To explore the potential function of cochlear pericytes in the regulation of blood flow, we investigated the expression of two major contractile proteins, α-SMA and tropomyosin, in pericytes using fluorescence immunochemical techniques. We also examined the expression of desmin, a pericyte cytoskeleton protein that plays an important role in the maintenance of vascular-wall integrity [20, 38] .
α-SMA-α-SMA immunofluorescence varied across different areas of the cochlear lateral wall. As we show in Figure 6 , α-SMA-positive labeling was observed in regions of the V/ SL. By contrast, no detectable α-SMA immunolabeling was observed on the V/SV ( Figure  6 , Panels G-I). This suggests that pericytes on SL vessels may have contractile functions, while those on the SV may not. IB4 was used to label the vessels.
Tropomyosin-Positive tropomyosin immunolabeling was also found on the pericytes of the V/SL (Figure 7 , Panel A), but little was seen on the V/SV (shown in Figure 7, Panel B) .
Desmin-With immunofluorescence techniques, we found that pericytes on both the V/SL and the V/SV were positive for desmin (Figure 8 , Panels A and B), in particular, pericytes' long processes labeled for desmin filament protein. The vessels were labeled by IB4.
Heterogeneity of Microvascular Pericytes for Contractile Proteins in the V/SL and the V/SV-
The average of immunofluorescence intensity was used to determine the relative preponderance of α-SMA, tropomysin, and desmin expression in pre-, true-, and postcapillary pericytes (see Methods). We found heterogeneity of expression, shown schematically in Figure 9 . In general, all pericytes on the V/SL were positive for α-SMA, tropomyosin and desmin. The relative intensity of the labeling for α-SMA, tropomyosin, and desmin in pre-(arteriole side) and postcapillary (venule side) pericytes was high in comparison to the expression in pericytes of the true capillaries of the SL. Pericytes on the capillaries of the SV were devoid of both α-SMA and tropomyosin labeling but positive for desmin.
DISCUSSION
Pericytes are morphologically heterogeneous from organ to organ [42] . Although much is known about pericytes in general, little is known about cochlear pericytes. In this study, we identified and characterized the morphology of cochlear pericytes. Since there are no specific markers for pericytes, we identified them by using combinations of marker proteins with fluorescence microscopy, as well as on the basis of morphological characteristics, an approach that has published validity [3, 11, 24, 37] . The ratio of pericytes to endothelial cells on the regions of the capillaries of the SV and the SL defined by Axelsson [4] were between 1:1 and 1:2, which is a relatively high ratio compared to the ratio in most other organs; for example, the ratio of pericytes to endothelial cells in the brain is 1:5, in lung 1:10, and in skeletal muscle 1:100 [16, 39] . An exception is the retina, where the ratio is 1:1 [39] . The ratio of pericytes to endothelial cells on the regions of pre-and postcapillaries was not calculated in this study, as there possibly was a gradual transition between pericytes and smooth muscle cells in both terminal arterioles and venules [3, 11] .
In general, the characteristics of pericytes are regional-and tissue-specific and reflect the specific functional features of the microvessels, including the coupling to metabolic demand. For example, pericytes in the brain play roles in the central nervous system, including roles in microvascular contractility, regulation of endothelial cell activity, and maintenance of function of the blood-brain barrier [25, 36, 45] . Certain pericytes in the kidney glomerulus form high-density tufts, which are continuous treelike cores around the capillary loops. The structure of these tufts serves to meet regional blood-flow demand [19] . Also, retinal microvasculature does not contain sphincter muscle, and pericytes play a role in modulating retinal perfusion [35] .
The vulnerability of lateral-wall and hair cells to the hypoxia requires an adequate cochlear blood flow to be maintained. This is especially true with exposure to long-duration sounds.
The high density of pericytes in the microvasculature of the cochlea may be related to functional and metabolic needs in the innerear. For example, cochlear microvessels show a strong intrinsic regulation of cochlear blood flow [8, 9] despite their lack of cholinergic innervation. Pericytes may be required to control local blood flow and buttress vessel stability in the cochlear vascular system, as has been reported to be the case in the brain [27, 30, 33] and retina [7, 34] . However, our experimental data were too preliminary to permit us to draw conclusions regarding physiological function.
Pericytes located on different types of microvessels show structural differences. In general, pre-and postcapillary bed pericytes exhibit more contact with the endothelium, with extensive short processes, and the distance between neighboring pericyte soma is closer (approximately 2-25 µm). Pericytes on true capillaries of the spiral ligament and the capillaries of the SV have longer processes (up to 100 µm in length) and pass and make contact with several endothelial cells along the long axis of the vessel, but have fewer short processes encircling the vessel walls. These differences in distribution and structure suggest the pericytes may have different functions relating to contractile activity, mechanical support, and intercellular communication.
Pericytes on the V/SL are positive for two contractile proteins: α-SMA and tropomyosin. In addition, pericytes on pre-and postcapillary beds had greater α-SMA and tropomyosin immunoreactivity than capillaries of the spiral ligament. In contrast, pericytes on the V/SV were devoid of α-SMA and tropomyosin. These results are in agreement with an early report finding differential expression of contractile proteins in the capillaries of the SV and SL [17] . Both α-SMA and tropomyosin are essential for pericyte contraction and relaxation [14] . Pericyte contractility in the SV may be lacking or greatly attenuated.
Additionally, pericytes on the V/SV and the V/SL in the cochlea are positive for desmin, an intermediate filament protein. Desmin has a significant role in the structural and mechanical integrity of the contractile apparatus in muscle tissue [43] . Mice lacking desmin postnatally develop a dilated cardiomyopathy [6, 20] . The physiological role of desmin in the two vessel systems of the cochlea is not clear at this moment. Capillaries of the SV are lacking in collagen and extracellular matrix, except for the basal lamina around the capillaries [2] . Pericytes may be functioning as a mechanical part of the vessel wall. Desmin fibers are also important for the transmission of mechanical loads and possibly for the initiation of signaltransduction cascades via mechanical force interconnections to the organelles [38] . Vascular perfusion requires cellular coordination [10, 15] , and the cochlear pericytes' long processes, wrapped around capillaries in close contact with endothelial cells, may set the stage for signal integration, as has been reported in brain pericytes [33] . Peppiatt [33] found that the long cytoplasmic processes of pericytes in the brain can integrate signals along the length of the vessel.
Pericytes can communicate with endothelial cells by direct physical contact and through paracrine-signaling pathways [18] . The signals may convey information on the metabolic state of the SV and serve to regulate blood flow, which are similar to roles that have been found for pericytes in other organs [13, 25, [33] [34] [35] . Cochlear pericytes and endothelial cells have been shown to communicate via gap junctions [2] . Gap junctions are membrane channels that permit the direct exchange of inorganic ions, sugars, amino acids, nucleotides, and signaling molecules smaller than 1,000 Da [23] . The composition of gap junctions between the pericytes and endothelium has not been widely studied. A few studies have found proteins, such as Cx43 and Cx37, in pericytes and in endothelial cells of retina and brain microvasculature [26, 41] . In the cochlear lateral wall, we found that Cx40 (but not Cx37 or Cx43) was abundantly expressed in endothelial cells and pericytes on the vessels of the spiral ligament, but not on the vessels of the SV. Retinal and brain pericytes express both Cx37 and Cx43. It has been suggested these variations in connexin have important consequences for the coordination and propagation of vascular signals and responses [21] . The heterogeneity of Cx40 expression in the cochlea may be of physiological significance, suggesting differences in metabolic information processing that warrant further investigation. An illustration of the measurement of pericyte soma size (short double-ended arrow) and interpericyte distance (long double-ended arrow). Pericytes on the vessels of SV did not label for α-SMA (see Figure 6 ). Schematic drawing of the segment of the cochlear lateral-wall vessel, illustrating immunological heterogeneity of contractile protein expression in the different vessels. "−" = no expression of proteins (background level of fluorescent intensity); "+" = evidence of the presence of labeled proteins (a visually detectable level with low fluorescent intensity); "++" "+++" = a Photoshop fluorescence intensity value greater than two or three times the "+" level, respectively. Table 1 The Cochlear Pericyte Distribution in the V/SL and V/SV Microcirculation. Author manuscript; available in PMC 2013 May 08.
CONCLUSIONS
